Introduction
The basic spectroscopic characteristics of an atomic system are energy levels and lifetimes (or decay probabilities). Owing to the importance of rare-earth elements in astrophysics, especially in relation to nucleosynthesis and star formation (notably the lanthanides in chemically peculiar (CP) stars [1] ), there is a growing need for accurate spectroscopic data, i.e., wavelengths, radiative transition rates, oscillator strengths, branching fractions, radiative lifetimes, hyperfine structure and isotope shift data for lanthanide atoms and ions. Doubly ionized lanthanum (La III) is characterized by a simple atomic structure with core [Xe] and only one outer electron. There is substantial spectroscopic literature concerning La III, though less than for the neutral or singly ionized species. Gibbs and White * E-mail: bkaracoban@sakarya.edu.tr [2] presented wavelengths and frequencies of the 6 − 6 and 5 − 6 lines. Badami [3] identified 6 − 6 lines of La III and also calculated term values and ionization potential of La III. Russell and Meggers [4] reported ten lines belong to the 6 , 7 2 S, 6 2 P , and 5 , 6 2 D terms of La III. Sugar and Kaufman [5] observed forty five La III spectral lines in the interval from 700 to 2000 Å. Sixty five spectral lines of La III in the 2000-12000 Å interval were reported by Odabasi [6] . Odabasi discovered 10 , 9 , 9 , and 9 terms and determined fine-structure splitting of ( = 5 − 8) terms. Johansson and Litzén [7] recorded 5 − 4 lines of La III. Lifetimes determinations for two levels in La III were performed using time-resolved laser spectroscopy by Li and Jiang [8] . Migdalek and Wyrozumska [9] presented model potential calculations to investigate the influence of valence-core electron exchange on oscillator strengths in La III. The single-configuration relativistic Hartree-Fock ionization potentials of La III were computed by Migdalek and Bojara [10] . Quinet and Bié-mont [11] calculated Landé g-factors for experimentally determined energy levels in doubly ionized lanthanum. Biémont et al. [12] measured radiative lifetimes for the 6 1/2 and 6 3/2 levels of La III and performed oscillator strengths and transitions probabilities in La III.
Our aim here is to determine the relativistic energies, the Landé g-factors and the lifetimes of levels in La III (Z = 57). These calculations have been performed by using code 1 developed Cowan for relativistic Hartree-Fock (HFR) calculations [13] . This code considers both correlation effects and relativistic corrections. These effects contribute importantly to the physical and chemical properties of atoms or ions, especially lanthanides. The groundstate level of doubly ionized lanthanum is [Xe]5 2 D 3/2 . We studied various configurations according to valencevalence and core-valence correlations for correlation effects. The configuration sets that we used have been denoted by A, B, and C, and are given in Table 1 . We have reported various atomic structure calculations such as energy levels, transition energies, hyperfine structure, lifetimes, and electric dipole transitions for some lanthanides (La I, La II, Lu I, and Yb I-III) [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Calculation method
In HFR method [13] , for an N electron atom of nuclear charge Z 0 , the Hamiltonian is expanded as
in atomic units, with being the distance of the electron from the nucleus and = r − r . ζ (R) = 
If determinant wave functions are used for the atom, the total binding energy is given by
where E is the kinetic energy, E is the electron-nuclear Coulomb energy, and E is the Coulomb interaction energy between electrons i and j averaged over all possible magnetic quantum numbers. In this method, relativistic corrections have been limited to calculations to the mass-velocity and the Darwin corrections by using the relativistic correction to total binding energy
The Landé g-factor of an atomic level is related to the energy shift of the sublevels having magnetic number M by
where B is the magnetic field intensity and µ 0 is the Bohr magneton. The Landé g-factor of a level, denoted as αJ, belonging to a pure LS-coupling term is given by the formula
This expression is derived from vector coupling formulas by assuming a g value of unity for a pure orbital angular momentum and writing the g value for a pure electron spin (S level) as S [24] . A value of 2 for S yields the Landé formula. The Landé g-factors for energy levels are a valuable aid in the analysis of a spectrum. Most experiments yield the lifetime of the upper level because of easy measuring. In this case the sum over multipole transitions to all lower lying levels must be taken. The lifetime τ for a level j is defined as follows:
In the formula (7), the total transition probability (A) from
where
and
is the electric dipole line strength in atomic units of 2 2 0 . The strongest transition rate (or probability) is the electric dipole (E1) radiation. For this reason E1 transitions are understood as being 'allowed', whereas higher-order transitions are understood as 'forbidden'.
Results and discussion
We calculated the energy levels, the Landé g-factors, and the radiative lifetimes for ( = 5−25), ( = 6−24), ( = 5 − 25), ( = 4 − 22) , and ( = 6 − 25) excited levels outside the core [Xe] in La III (Z = 57) using HFR code 2 . Three different calculations have been performed to obtain configuration state functions (CSFs) according to valence-valence and core-valence correlations. Table 1 shows the configuration sets that we considered for correlation effects. Our results are shown in Table 2 for energy levels and Landé g-factors, and in Table 4 for radiative lifetimes of low-lying levels in La III. In these tables, the calculations for the various configuration sets are represented by A, B, and C for the HFR calculations. We also show a comparison with other calculations and experiments in these tables. References for other comparison values are indicated below the tables with a lowercase superscript; odd-parity states are indicated by the superscript " ".
Electron correlation effects and relativistic effects play an important role in the spectra of heavy elements. To accurately predict the radiative atomic properties for heavy atoms such as La III, complex configuration interactions and relativistic effects must be considered simultaneously. Although Cowan's approach is based on Schrödinger's equation, it includes the most important relativistic effects like mass-velocity corrections and Darwin contributions. Also, for complex atoms, it is important to allow for spinorbit interaction, which represents the magnetic interaction energy between electron's spin magnetic moment and the magnetic field that the electron sees due to its orbital motion through the electric field of the nucleus. These contributions are considered as perturbations. Thus, to solve the Schrödinger equation with this Hamiltonian, we define a new angular momentum operator in an intermediate coupling scheme.
In calculations, the Hamiltonian's calculated eigenvalues were optimized to the observed energy levels via a leastsquares fitting procedure using experimentally determined energy levels, specifically all of the levels from the NBS compilation (NIST) 3 . The scaling factors of the Slater parameters (F and G ) and of configuration interaction integrals (R ), not optimized in the least-squares fitting, were chosen equal to 0.85, while the spin-orbit parameters were left at their initial values. This low value of the scaling factors has been suggested by Cowan for neutral heavy elements [13] . In the configuration sets given in Table 1 , we consider core [Xe] for calculations A and C, and core [Cd] for the B calculation. Table 2 In addition, we present lifetimes for some levels in Table  4 , again calculated using the same A, B and C configuration sets as used earlier. The table shows lifetimes (in ns) for ( = 6 − 9), ( = 7 − 10), and ( = 5 − 8) even-parity levels and ( = 4 − 8) and ( = 6 − 9) odd-parity levels of La III. These lifetimes were calculated using formula (7), considering all possible transitions from the listed levels to lower ones. Only the 6 2 P 1/2 3/2 level calculations are compared with previous experimental [12] and theoretical [9, 12] results. The lifetimes obtained from the B calculation agree well with [9] and [12] . This calculation includes core correlation. Moreover, new energies, Landé g-factors and lifetimes for highly levels ( = 9−25) of La III are presented in Table 5 . Our new energy levels, Landé g-factors and lifetimes are reliable since the results in Table 2 and Table 4 compared with other works available in literature are excellent agreement. In summary, reliable atomic data are needed in the study of astrophysical problems. In spectrum synthesis work, particularly for CP stars, accurate data for transition probabilities and oscillator strengths for lanthanide atoms are needed to establish reliable abundances for these species. Our HFR results are in excellent agreement with other works. We therefore expect that our other finding are also reliable. Consequently, we hope that our results for the La III spectrum obtained using the HFR method will be useful for other future works on lanthanides. 
